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Point defectsa b s t r a c t
Positron annihilation lifetime spectroscopy (PALS) was applied to characterize point defects in single
crystals of Y3Al5O12 and SrTiO3 after populating different types of defects by relevant thermal treatments.
In SrTiO3, PALS measurements identiﬁed Sr vacancy, Ti vacancy, vacancy complexes of Ti–O (vacancy) and
hydrogen complex defects. In Y3Al5O12 single crystals the measurements showed the presence of
Al-vacancy, (Al–O) vacancy and Al-vacancy passivated by hydrogen. These defects are shown to play
the major role in deﬁning the electronic and optical properties of these complex oxides.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Defects have profound effects on the structural and electronic
properties of materials. Complex oxides in particular exhibit a high
level of native defects because of their structure complexity and
deviations from stoichiometry. This makes most of their properties
deﬁned by the type and level of defects in the lattice. Here we
study lattice defects in two complex oxides, yttrium aluminum
garnet Y3Al5O12 (YAG) which has the garnet structure and Stron-
tium titanate SrTiO3 which has the perovskite structure. Both of
these two oxides have great technological importance. YAG is the
host material for most solid state lasers and many phosphors and
scintillation materials and reference therein [1,2]. SrTiO3 on the
other hand exhibits a variety of interesting phenomena such as
ferro-electricity, superconductivity and ferromagnetism and it
has great potential for oxide based devices [3,4].
We have recently shown that point defects lead to interesting
phenomena in both YAG and SrTiO3 bulk materials. In YAG, hydro-
gen related defects have led to signiﬁcant band gap narrowing and
substantially alter the optical and scintillation properties of YAG
crystals [5]. In SrTiO3 we reported two orders of magnitude persis-
tent photoconductivity (PPC) at room temperature originated by
point defects in the lattice [6]. This level of PPC at room tempera-
ture has never been reported in any system before. Accordingly, itis important to investigate how to populate and characterize point
defects in complex oxides. Positron annihilation spectroscopy is a
versatile unique tool for studying vacancy defects [7,8]. It is based
on implanting positrons in the sample and measuring the 511 keV
annihilation photons. These photons carry information about elec-
tron states in the solid with which the positrons annihilate and
they can be measured by positron lifetime, Doppler broadening
or angular correlation methods [7–11]. The detection of defects
by positrons is based on the fact that positrons may be trapped
by open volume defects. This is because a positron is strongly
repelled by ion cores in the lattice due to their positive charge.
The absence of a positive charge in a vacancy provides an attractive
potential that traps positrons at this site, and this trapping leads to
signiﬁcant changes in the measured positron annihilation parame-
ters. As the vacancy lacks the electrons of the missing atom, the
electron density is lower leading to a longer positron lifetime. In
this work we applied positron annihilation lifetime spectroscopy
(PALS) as it gives the most detailed information about defects,
revealing their structures and sizes. One major advantage of PALS
is its capability in revealing the structure of complex defects. We
also applied Fourier Transfer Infrared (FTIR) spectroscopy [12] in
combination with PALS to study the local vibration of hydrogen
related defects in the YAG structure.
Experimental details
PALS measurements have been carried out using a conventional
coincidence lifetime spectrometer, with a Na-22 positron source.
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sity and later at Bowling Green State University. The source emits a
1.27 MeV c-quantum that is time-coincident with the creation of
each positron in decay of Na-22. The positron lifetime is measured
as the time difference between the detection of the 1.27 MeV
photon and one of the two 0.511 MeV photons emitted from the
positron annihilation event in the material. The delayed time-
coincidence lifetime spectrometer is built from two scintillation
detectors using BaF2 detectors, two constant fraction discrimina-
tors, a time-to-amplitude converter and an analog-to-digital
pulse-height converter. The positron source was prepared by
depositing NaCl on 8 micron-thick Kapton foil, then folded and
sandwiched between two identical samples. Lifetime spectra were
recorded with three million coincidences accumulated for good
statistics. The timing resolution of the system was about 200 ps.
The spectra were ﬁtted using PATFIT program and reference
therein [13,14]. Each measured lifetime spectrum for SrTiO3 or
YAG samples was analyzed as a superposition of exponential decay
components convoluted with the instrumental resolution function.
Decay components due to positron annihilation in the source were
subtracted from the spectra, one component with 384 ps lifetime
and 10% intensity from the Kapton foil and another with 430 ps
lifetime and 1% intensity from NaCl. If the concentration of defects
that trap positrons is sufﬁciently low, we obtain only a single
lifetime component after subtracting the source correction. This
lifetime corresponds to the bulk lifetime sB which is characteristic
of positron annihilation in the bulk of the material. Two lifetime
components gave the best ﬁt for most measurements, s2 which
represents the characteristic defect lifetime and s1, which is
reduced from sB by an amount that depends on the rate of positron
trapping to the defect.
IR absorption measurements were performed at Washington
State University using a Bomem DA8 Fourier transform infrared
spectrometer with a globar light source, a KBr beam splitter, and
a liquid nitrogen-cooled InSb detector. Measurements were
performed at both room temperature and 10 K. Samples were
maintained at liquid-helium temperatures (10 K) in a Janis
continuous-ﬂow cryostat. The spectral range of the spectrometer
covers from 1800 to 7000 cm1 and its resolution is 0.2 cm1.
PALS measurements were carried out on as-received and
annealed SrTiO3, undoped YAG and Ce-doped YAG single crystals.
SrTiO3 samples were provided from MTI Inc. and Maktec. YAG
samples were grown at Crytur Inc., Czech Republic. A number of
samples were further annealed in different environments to popu-
late different types of defects as described below. IR measurements




To populate different types of defects in SrTiO3, single crystals
were annealed in SrO, TiO2 and hydrogen atmospheres. They were
annealed in an evacuated ampoule ﬁlled with SO or TiO2 at 1200 CTable 1
PALS results for as-received and annealed SrTiO3 single crystals.
# Sample s1 (ps)
1 As-received from MTI 120(3)
1 Annealed in SrO From MTI 143(2)
2 As-received from Mateck 128(3)
3 Annealed in TiO2 from Mateck 125(2)
4 Annealed in H from MTI 143(1)
5 Annealed in H from MTI, different batch 153(1)for 1 h. PALS spectra were recorded from as-received and annealed
samples and analyzed using PATFIT program and the one-defect
trapping model. Table 1 presents the reduced positron lifetime
s1, characteristic defect positron lifetime value s2, the defect inten-
sity I2 and the proposed defect type for each sample. Thanks to the
previous theoretical and experimental works by Keeble et al. on
SrTiO3 [15–17], interpretation of PALS data for SrTiO3 samples is
straight forward. In our current measurements, as-grown samples
received from different suppliers have different defect lifetime s2.
This has been observed before in SrTiO3 single crystals measured
by Mackie and co-workers [17]. In Table 1, the as-received samples
from MTI Inc. (sample #1) displayed in row 1 showed s2 of 185 ps
indicating the presence of Ti vacancy. After annealing them in SrO
s2 has increased to 210 ps (sample #1 displayed in row 2). We
assign the 210 ps value to unresolved lifetimes of Ti vacancy and
Ti–O vacancy. SrO anneal probably extracts oxygen atoms from
SrTiO3 lattice and forms SrO2. This led to the formation of O-vacan-
cies next to Ti-vacancies, i.e. (Ti–O) di-vacancies which have posi-
tron lifetime between 225 and 239 ps [17]. Anneal in TiO2, on the
other hand, did not change the defect lifetime. The 222 ps s2 in the
as-received and annealed samples from MakTec (samples #2 and
#3 displayed in row 3 and 4) corresponds to a combination of
Sr-vacancy and Ti-vacancy [17]. Hydrogen anneal (see samples
#4 and #5) led to the formation of complex defects, probably in
the form of vacancy clusters as indicated by the long defect lifetime
279 and 315 ps. This long lifetime associated with hydrogen
complex defects has been previously observed in other semicon-
ductors [18].
The formation of (Ti–O) after annealing in SO has led to two
orders of magnitude persistent photoconductivity (PPC) in SrTiO3
single crystals. This PPC was observed by an increase in free carrier
concentration and then conﬁrmed by an increase in charge carrier
concentration and conductivity through Hall-effect measurements
as discussed in Ref. [6]. This level of PPC in bulk materials has never
been observed at room temperature in any system [19,20].
It reﬂects the signiﬁcant role of point defects in deﬁning the
electronic properties of materials.
Y3Al5O12
PALS measurements were performed on YAG single crystals
grown in Ar, O, and H atmospheres; their positron decay curves
are shown in Fig. 1. It is obvious from their decays that YAG grown
in Ar exhibits much longer lifetime, while H-grown sample exhib-
its shorter decay curve and can be ﬁtted to single line, which indi-
cates the presence of one lifetime component. Table 2 presents the
lifetime values and intensities for each sample. Fig. 2 compares the
lifetime spectra for as-grown and annealed samples. As seen in the
graphs in Figs. 1 and 2, the spectra arising from annihilation in
H-grown samples ﬁt very well to one lifetime component indicat-
ing the absence of positron traps. However after annealing the
H-grown sample in air for 48 h (Fig. 2 and Table 2), a second
positron lifetime component appears. This is probably because
anneal in air reduced the hydrogen concentration leading to partial
positron trapping. The large uncertainty in I2 after annealing in airs2 (ps) I2% Proposed defect type
185(3) 50(4) Ti-vacancy
210(6) 27(5) Ti-vacancy (Ti–O)vacancy
220(5) 35(4) Sr-vacancy Ti-vacancy
217(2) 40(2) Sr-vacancy Ti-vacancy
279(6) 15(1) Hydrogen vacancy complexes
315(6) 15(1) Hydrogen vacancy complexes














Fig. 1. Lifetime spectra of as-grown YAG single crystals grown in Ar-, O-, and H-
atmospheres.
Table 2
PALS results for as-grown and annealed YAG single crystals.
Sample s1 (ps) s2 (ps) I2% Proposed defect type
Ar-grown 157(2) 279(11) 13(2) (Al–O) vacancy
O-grown 160(3) 249(15) 6(1) Al-vacancy
H-grown 152(0.1) None
H-grown annealed in air 147(0.3) 236(39) 6 (4) Al-vacancy














Fig. 2. Lifetime spectra of H-grown samples (as-grown) and after air-anneal for
48 h. A second lifetime appears in the sample after annealing.
Fig. 3. FTIR absorption measurements of YAG single crystal grown in O-atmosphere
at liquid helium and room temperatures.
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resolving them in the spectrum. However the variance of the ﬁt
is around 1.0 and the ﬁt deﬁnitely showed two lifetime compo-
nents. The absence of second lifetime and positron trapping in
H-grown samples does not mean the absence of defects in these
crystals; but it indicates passivation of vacancies by hydrogen
which prevent positron trapping. In fact, it is impossible to grow
defect-free YAG single crystals because of the non-stoichiometry
and the very high temperature required for the growth process.After annealing in air at high temperature for long time, some
hydrogen atoms diffused out of the vacancies leading to positron
trapping.
The defect lifetime, s2, is 279(11) ps for Ar-grown samples and
249(15) ps for O-grown samples. The 249 ps lifetime is a common
value for Al mono-vacancy in many systems. Therefore we assign it
to single Al vacancy and the 279 ps to Al–O vacancy as explained in
Ref. [9]. By annealing Ar-grown YAG sample in O-atmosphere, s2
reduced from 279 to 256 ps, which is probably because of ﬁlling
oxygen vacancies. This supports the association of the 279 ps life-
time with (Al–O) vacancy.
PALS measurements were also carried out on Ce doped YAG
samples grown in Ar or H atmosphere. Ce doped YAG cannot be
grown in O-atmosphere as the oxidizing atmosphere prevents
the formation of Ce3+. In Ar-grown samples, s2 is quite long
(305 ps) which is an indication for the presence of large vacancy
clusters. However s2 is absent in all Ce doped YAG samples grown
in hydrogen indicating the absence of positron traps and conﬁrm-
ing hydrogen passivation of cation vacancies observed in the
undoped crystals. Anneal of H-grown Ce doped YAG samples in
air did not lead to a signiﬁcant change in PALS measurements.
With respect to Ar-grown samples, anneal in O-atmosphere
reduced the defect density I2 but did not substantially affect the
value of s2. A few samples were annealed in nitrogen atmospheres,
however no effect on PALS data has been observed.
It is interesting to observe the complete absence of positron
trapping in all undoped and doped YAG crystals grown in H-atmo-
sphere in this work and in our previous work [9] despite the high
level of defects that are always present in the YAG structure and
the deﬁciency of aluminum [9]. Infrared (IR) absorption spectra
can provide some information about hydrogen incorporation in
the structure. Earlier, we have carried Fourier Transform Infrared
(FTIR) measurements on H- and O-grown YAG single crystals at
liquid helium temperature [9]. In this study we follow with FTIR
measurements of undoped and Ce doped YAG crystals at room
temperature. Fig. 3 shows the IR absorption spectra for O-grown
YAG samples at room and liquid helium temperatures. Two peaks
were identiﬁed at 3335 and 3370 cm1 at liquid helium tempera-
ture. These values were reported to be associated with O–H
stretching vibrational modes [21]. They represent hydrogen atoms
located at two different interstitial sites. For H-grown samples,
previous measurements presented in Ref. [9] showed a peak at
3416 cm1 at liquid helium temperature. The emergence of this
Fig. 4. FTIR absorption measurements of Ce-doped YAG single crystal grown in H-
atmosphere at room temperature.
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incorporation of hydrogen in the structure in a different mode,
probably inside a vacancy [12]. In Fig. 3, the difference in peak
position and Full width at half maximum (FWHM) between liquid
helium and room temperature is due to the considerable tempera-
ture dependence of IR peaks [22].
The IR absorption measurements in Fig. 4 represent the ﬁrst
vibrational spectroscopy study for Ce doped YAG. It shows a strong
peak at 3831 cm1. The origin of this peak is not known as there is
no previous experimental or theoretical vibrational spectroscopy
study for Ce doped YAG crystals. However the presence of this peak
in H-grown Ce doped YAG sample only suggests its association
with Ce–H bond. A possible scenario for the formation of this peak
is as follows. Ce replaces a yttrium atom in the YAG lattice and
forms bonds with hydrogen atoms inside the Al vacancy.
We should mention that this incorporation of hydrogen in the
YAG structure has great effect on the electronic and optical proper-
ties of YAG single crystals. First, it leads to signiﬁcant band gap nar-
rowing (BGN) as proven experimentally and theoretically [5].
Second, it eliminates all exciton traps in the YAG structure which
has been observed by the complete absence of thermolumines-
cence in YAG crystals grown in hydrogen atmosphere [5]. The
change of the defect structures and the subsequent induced
phenomena in both YAG and SrTiO3 is not only in the surface
regions but it extends to the bulk of the materials. This is because
the mean penetration depth of positrons emitted from Na-22 – the
source used in the current experiment – is 100 microns whichprovides bulk measurements with negligible contribution from
positron annihilation at the surface. Accordingly the measure-
ments here reﬂect the change in the defect structure in the bulk.
Conclusion
Different types of point defects have been populated in SrTiO3
and Y3Al5O12 complex oxides by relevant thermal treatments. PALS
provided evidence for the presence of these defects and enabled
their characterization at the atomic level. The quality of semicon-
ductor materials is often limited by the presence of electronically
active point defects. It is interesting to see how point defects in
SrTO3 enhance the conductivity and induce very high level of
photoconductivity and how they lead to new phenomena in
complex oxides.
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